High frame rate contrast enhanced ultrasound imaging for slow flow: influence of ultrasound pressure and flow rate on bubble disruption and image persistence by Zhu, J. et al.
1 
 
High frame rate contrast enhanced 
ultrasound imaging for slow flow: 
influence of ultrasound pressure and 
flow rate on bubble disruption and 
image persistence 
Jiaqi Zhu1, MEng • Shengtao Lin1, PhD • Chee Hau Leow1, PhD • Ethan M. Rowland1, PhD • 
Kai Riemer1, MSc • Sevan Harput1, PhD • Peter D Weinberg1, PhD • Meng-Xing Tang1,*, 
PhD 
 
 
 
1Department of Bioengineering  
Imperial College London 
Exhibition Road 
London SW7 2AZ 
United Kingdom 
 
*Corresponding author 
Dr. Meng-Xing Tang 
Department of Bioengineering, Imperial College London, Exhibition Road, London SW7 
2AZ, United Kingdom 
Tel: + 44 (0)20 7594 3664 
mengxing.tang@imperial.ac.uk 
 
 
 
 
 
 
 
 
2 
 
 
3 
 
Abstract 1 
Contrast enhanced ultrasound (CEUS) utilising microbubbles shows great potential for 2 
visualising lymphatic vessels and identifying sentinel lymph nodes (SLN) which is valuable for 3 
axillary staging in breast cancer patients. However, current CEUS imaging techniques have 4 
limitations that affect the accurate visualisation and tracking of lymphatic vessels and SLN. (1) 5 
Tissue artefacts and bubble disruption can reduce the image contrast. (2) Limited spatial and 6 
temporal resolution diminishes the amount of information that can be captured by CEUS. (3) 7 
The slow lymph flow makes Doppler based approaches less effective. This work evaluates on a 8 
lymphatic vessel phantom the use of high frame-rate (HFR) CEUS for the detection of lymphatic 9 
vessels where flow is slow. Specifically the work particularly investigates the impact of key 10 
factors in lymphatic imaging, including ultrasound pressure and flow velocity as well as probe 11 
motion during vessel tracking, on bubble disruption and image contrast. A trail was also 12 
conducted to apply HFR CEUS imaging on vasculature in a rabbit popliteal lymph node (LN). 13 
Our results show that (1) HFR imaging and SVD filtering can significantly reduce tissue 14 
artefacts in the phantom; (2) the slow flow rate within the phantom makes image contrast and 15 
signal persistence more susceptible to changes in ultrasound amplitude/MI, and an MI value can 16 
be chosen to reach a compromise between images contrast and bubble disruption under slow 17 
flow condition; (3) probe motion significantly decreases image contrast of the vessel, which can 18 
be improved by applying motion correction prior to SVD filtering; (4) the optical observation 19 
of the impact of ultrasound pressure in HFR CEUS further confirm the importance of optimising 20 
ultrasound amplitude MI; (5) Vessels inside rabbit LN with blood flow less than 3 mm/s are 21 
clearly visualised.  22 
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Introduction  4 
Lymphatic system plays a crucial role in cancer metastasis. In breast cancer, the axillary 5 
lymphatic system acts as an avenue in which cancer cells spread. Cancer cells invade small 6 
lymphatic vessels near the primary tumour and migrate with the lymphatic fluid. Lymph nodes 7 
linking the lymphatic vessels play a critical role in filtering the cancer cells. Thus, the presence 8 
of metastases in axillary lymph nodes is an important indicator for breast cancer staging. Among 9 
these axillary lymph nodes, the SLN is the first lymph node that receives the lymphatic fluid 10 
from breast tumour. If the SLN is free of metastases, there is a high possibility that the cancer 11 
cells have not spread to the other lymph nodes (Somasundaram et al. 2007). Therefore, nodal 12 
status of axillary SLNs is essential for determining the adjuvant treatment strategy for patients 13 
diagnosed with breast cancer (Pesek et al. 2012). Currently a surgical procedure called sentinel 14 
lymph node biopsy is routinely used to track lymphatic vessels and identify and dissect the SLN 15 
(Pesek et al. 2012; Veronesi et al. 2003). However, the invasive test procedure causes a 4% -16 
14% rate of complications (Temple et al. 2002) and shows variable accuracy affected by time 17 
constraint (Fujishima et al. 2009; Wong et al. 2015). Hence, there is a strong clinical need for 18 
an effective pre-operative and non-invasive technique to identify SLN in breast cancer patients.  19 
Recently, CEUS has demonstrated potential for the preoperative and non-invasive 20 
identification of lymphatic vessels and SLN in breast cancer patients (Cox et al. 2013; Goldberg 21 
et al. 2004; Sever et al. 2011). CEUS is an imaging technique which utilises microbubbles as 22 
contrast agents to allow better visualisation of the vasculature and flow. When microbubbles are 23 
exposed to ultrasound field, they produce backscattered signals containing fundamental and 24 
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harmonic components, which greatly increase the ultrasound echoes from within the vessels. 1 
Microbubbles have been widely used in clinical diagnosis and are safe with little reported side 2 
effect or complications. CEUS allows the preoperative identification of SLN and when 3 
combined with image guided needle biopsy, serves as a promising axillary nodal staging 4 
method.  5 
There are several studies on the use of CEUS for the lymphatic system. The technique 6 
was first described by Goldberg et al. in several swine melanoma model (Goldberg et al. 2004). 7 
Sever et al. (Sever et al. 2011) utilised CEUS for the visualisation of lymphatic vessels and 8 
SLNs in patients with diagnostic breast cancer. After the periareolar intradermal injection of 9 
microbubbles, they successfully monitored the complete process of lymph draining which starts 10 
at the afferent lymphatic vessel and flows through the lymph node and finally exits through the 11 
efferent vessel. In their most recent study (Cox et al. 2013), CEUS was used to guide 12 
percutaneously SLN biopsy after preoperative detection of SLN in 295 breast cancer patients. 13 
With the help of CEUS imaging, a secondary surgical procedure was avoided in 29 patients.  14 
Although the feasibility of SLN identification by tracking microbubbles transporting 15 
through lymphatic vessels was confirmed by these encouraging results, tissue artefacts and 16 
bubble disruption can reduce the contrast of lymphatic vessels, compromising the image quality. 17 
The failure rate of SLN detection ranges between 4% (Cox et al. 2013) and 11% (Sever et al. 18 
2011) even with experienced operators. Different CEUS imaging techniques such as pulse 19 
inversion (PI) (Simpson et al. 1999) and amplitude modulation (Brock-Fisher et al. 1996) are 20 
developed to distinguish microbubble and tissue signals by detecting nonlinear echoes arising 21 
from microbubble oscillations. However, nonlinear echoes can also be produced by nonlinear 22 
propagation of ultrasound in tissue or bubble cloud (Tang et al. 2010). This can misrepresent 23 
tissue as microbubbles in the final image, forming nonlinear tissue artefacts. These artefacts 24 
reduce image contrast, particularly at high clinical ultrasound frequencies where the sensitivity 25 
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of microbubble detection is lower than that of low clinical frequencies (Tang et al. 2010), and 1 
lead to inaccuracies in bubble tracking and SLN identification. Significant tissue nonlinear 2 
artefacts are observed in lymph vessels imaging (Fig. 1) using commercial system. Furthermore, 3 
the lymphatic flow is much slower than arterial flow, making it more difficult to detect and 4 
separate from tissue. Finally the imaging probe has to be manually moved to follow the 5 
lymphatic vessel track in order to identify the sentinel lymph node(s) and the additional motion 6 
between the probe and tissue may further impact the image quality.  These factors can increase 7 
variability, leading to greater operator dependency.  8 
Recent advances in HFR ultrasound imaging (Tanter and Fink 2014), together with 9 
spatiotemporal clutter filtering, can potentially help to address the above. Compared to 10 
conventional line-by-line focus imaging, HFR ultrasound imaging (Montaldo et al. 2009) with 11 
frame rate typically two orders of magnitude higher than conventional ultrasound can be 12 
achieved based on transmitting unfocused waves and parallel beamforming. Furthermore, 13 
coherent summation of varied angle plane wave transmission is able to improve the image 14 
quality and make up for the lack of focus transmission (Denarie et al. 2013). Enhanced contrast 15 
is achieved by plane wave images at the same disruption ratio of focus images, when detecting 16 
microbubbles (Couture et al. 2012). Thanks to the dramatic increase in the number of temporal 17 
samples in ultrafast plane wave imaging, advanced spatial temporal analysis such as singular 18 
value decomposition (SVD) filtering can be used to remove dominant artefact in 19 
blood/microbubble flow imaging arising from slow moving but relatively static tissue. In 20 
contrast to traditional high pass filtering, SVD filter investigates both temporal and spatial 21 
characteristics of tissue and blood/microbubble signals. While the effectiveness of SVD filter 22 
for detection of small vessels with tissue motion has been demonstrated in ultrafast Doppler 23 
blood imaging and HFR CEUS imaging (Demené et al. 2015b; Demené et al. 2016; Desailly et 24 
al. 2017; van der Ven et al. 2017). The complex relationship among MI, flow velocity, bubble 25 
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disruption and image contrast, particularly in the context of lymphatic flow, have not been 1 
investigated.  2 
In this study, we apply SVD filter on HFR CEUS for the visualisation of slow flow on a 3 
lymphatic mimicking phantom. In-vitro experiments on lymphatic mimicking phantom are 4 
designed to understand the impacts of lymph flow velocities, ultrasound pressures and probe 5 
motion on HFR CEUS image contrast. Our study indicates the trade-off between minimizing 6 
microbubble disruption and achieving required contrast for detecting microbubble from tissue 7 
signals, and shows the need for optimising ultrasound pressure for different flow velocities. 8 
HFR and optical microscope were used to observe the impact of the MI of HFR ultrasound on 9 
bubble disruption. Preliminary studies were conducted on imaging a rabbit lymph node 10 
microvasculature. 11 
Materials and Methods 12 
In vitro experiment set-ups and ultrasound parameters 13 
A lymph vessel mimicking phantom (Fig. 2a) was made consisting of a 300 µm tube 14 
(Platinum Cured Silicone Tube, Harvard Apparatus UK, Cambridge, United Kingdom) inside a 15 
tissue-mimicking phantom (Madsen et al. 1998), which was made of agar containing glass beads 16 
(45-90 µm in diameter, Potters Ballotini Ltd, Barnsley, South Yorkshire, United Kingdom) as 17 
scatterers. The diameter of the tube was chosen according to the average size of the afferent 18 
lymphatic vessels in human (Pan et al. 2010). The average depth of tube was set to 1.6 cm from 19 
the top surface, which mimicked the average depth between the axillary lymphatic vessel and 20 
the skin (Bentel et al. 2000). Flowing microbubbles of concentration ~2.5x 107MB/mL were 21 
administered using a syringe pump. The microbubbles used for all the experiments were in-22 
house lipid-shell microbubbles filled with decafluorobutane which were manufactured 23 
according to the formula described in (Lin et al. 2017).  24 
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HFR plane wave imaging data were acquired using a research platform (Verasonics 1 
Vantage 128, Verasonics, Kirkland, USA), a linear probe L12-3v (192-element linear array 2 
transducer, Verasonics, Kirkland, USA) and a 5-angle compounding plane wave imaging 3 
sequences. The transmitted pulses were centred at 4 MHz with a pulse repetition frequency of 4 
5000 Hz for all the ultrasound acquisitions. The acquired radio frequency (RF) data were 5 
beamformed to yield 1000 frames of compounded B-mode images per second which were then 6 
processed by SVD filter. All in vitro experiments in this paper are repeated three times unless 7 
otherwise stated. 8 
After SVD, microbubble and tissue signals can be represented by different sets of 9 
singular vectors with independent spatiotemporal coherence. Among these vectors, large 10 
singular values correspond to tissue signals with high temporal and spatial coherence, while 11 
lower components are associated with blood signals with relatively low spatiotemporal 12 
coherence. Based on this assumption, distinction between clutter and blood/microbubble signals 13 
can be achieved by setting threshold on the singular values. For all the B-mode images in this 14 
study, components corresponding to higher singular values, which represent tissue signals, were 15 
filtered out. The SVD cut-off thresholds were chosen so as to achieve the maximum contrast-16 
to-tissue ration (CTR) (Song et al. 2017). 17 
In order to compare the performance of SVD in combination with HFR imaging and 18 
standard CEUS technique – PI in suppressing tissue artefacts, a two-tube set-up (Fig. 2b) was 19 
made consisting of a 200 µm cellulose tube (Cuprophan, RC55 8/200 Membrana GmbH, 20 
Germany) filled with non-flowing microbubbles, and another tube filled with water as control. 21 
Plane wave B-mode images were obtained with the same ultrasound settings and were 22 
subsequently processed by SVD filter. Plane wave PI images were acquired with the same 23 
compounding angles and transmit frequency as B-mode images. 24 
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In vitro ultrasound experiment: effect of flow rate and ultrasound pressure 1 
The effect of different flow velocities in lymphatic vessels and different ultrasound 2 
pressures was investigated. To create a range of velocities similar to lymphatic flow, a 3 
programmable syringe pump (Harvard Apparatus Programmable PHD2000 pump, Harvard 4 
Apparatus UK, Cambridge, United Kingdom) was connected to one side of the tube to control 5 
the mean flow velocities of microbubbles at 4, 10, 20, 40 and 80 mm/s. These flow velocities 6 
were chosen according to the different average lymph flow rate found in the main lymphatic 7 
trunks of human (1999). These flow rates ranged from the slower 0.7 mm3/sec (flow velocity 4 8 
mm/s) of the subclavian lymphatic vessels to the faster 14 mm3/sec (flow velocity 80 mm/s) of 9 
the intestinal vessels. Furthermore, three different ultrasound pressures (mechanical index (MI)) 10 
were applied (MI=0.05 0.11, 0.22). The lowest MI value (0.05) minimises microbubble 11 
destruction. Moderate MI value (0.11) and relatively high MI value (0.22) may introduce 12 
different levels of microbubble disruption. The varying microbubble disruption events and 13 
contrast signal persistence under different ultrasound amplitudes were further studied in an 14 
optical experiment. 15 
In vitro ultrasound experiments:  probe motion 16 
This experiment studied the effect of probe motion on HFR CEUS imaging of the 17 
lymphatic vessel phantom. To simulate relevant probe motion (Desailly et al. 2017), the 18 
ultrasound probe was mounted on a linear motor and the movement of the probe was set at 2 19 
mm/s in the longitudinal direction along the tube. Two opposite directions (along/against the 20 
microbubble flow direction) of movement were randomly repeated during acquisition. The total 21 
displacement of the probe was set to 6mm to ensure the travelling time was longer than the 22 
ultrasound data acquisition time. All the flow velocities used in the previous flow velocity 23 
experiment were tested under probe motion. Moderate MI value (0.11) was used in this 24 
experiment since it provides the highest contrast and persistence. 25 
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For the images acquired with probe motion, two different processing methodologies 1 
were applied and investigated. One of the methods utilised SVD filter which was the same as 2 
that used for images from the static probe. The other method corrected for the motion induced 3 
by the moving probe before application of SVD filter. The motion correction was performed 4 
based on a rigid image registration algorithm (Harput et al. 2017). The motion estimation was 5 
performed on the original B-mode image after normalisation and log-compression of the 6 
complex magnitude of beamformed data. Then the transformation matrix was applied to the real 7 
and imaginary part of the corresponding beamformed data separately. SVD filter was 8 
subsequently used to process the motion-corrected complex data. 9 
Optical experiment 10 
Optical experiment was conducted to observe the microbubble behaviours under 11 
different ultrasound pressures during HFR CEUS imaging. Observation was done by using an 12 
optical microscope and recorded with a high speed camera using the set-up shown in Fig. 3. The 13 
water immersion objective lens (100×, NA=1.0, LUMPlanFL, Olympus, Tokyo, Japan) was 14 
connected to a high-speed camera (FASTCAM SA5, Photron, San Diego, USA) synchronised 15 
with Verasonics system, in which optical images were recorded at 12000 frames per second. 16 
Optical path and ultrasound field were set up normal to each other to avoid the obstruction 17 
arising from objective in propagation of ultrasound wave. Microbubble solution of the same 18 
concentration (~2.5x107MB/mL) were introduced into a 200µm acoustically and optically 19 
transparent cellulose-tube. That tube was placed at the focal depth of the microscope, where the 20 
corresponding MI was calibrated. Both ends of the tube were clipped to stop any backflow. 21 
Clips were removed to allow freely flowing microbubbles to replenish when a new experiment 22 
starts. Acquisition of ultrasound and optical data started simultaneously after 20 seconds of 23 
microbubble injection. Each frame of the original image from the high speed camera has a size 24 
of 128 × 128 µm2. In order to focus on the regions containing microbubbles, the images 25 
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presented in the result section were cropped from the original images to a size of 47.24 × 47.24 1 
µm2 for better visualisation of the whole process. 2 
In vivo ultrasound experiments 3 
All animal experiments complied with the Animals (Scientific Procedures) Act 1986, 4 
were approved by the Local Ethical Review Panel of Imperial College London, and carried out 5 
under Home Office License P15180DF2L. A healthy male New Zealand rabbit (HSDIF strain, 6 
Envigo, Hillcrest, U.K.) aged 6-8 weeks was used in this study. Hypnorm (0.3 mL/kg) and 7 
midazolam (0.025 mL/kg) were administered via the marginal vein to produce general 8 
anaesthesia. Fur on the legs of the rabbits was removed and rabbits were placed on a warming 9 
plate to maintain the body temperature at 37°C. 0.1 mL Evans blue dye was injected 10 
subcutaneously into the rear footpad to label the lymphatic drainage of the hind leg. Gentle 11 
massage was administrated on leg and rear footpad to accelerate the flow of the dye into 12 
lymphatic channels which drained into the popliteal LN. After 5 to 10 mins of Evans blue dye 13 
administration, the blue-labelled lymphatic channels and popliteal LN were identified after 14 
cutting/opening the first layer of the skin at the back of the knee. 0.5 mL lignocaine was injected 15 
previously and locally into the skin at the back of the knee to apply local anaesthetic on the 16 
right leg. A bolus injection of 0.1 ml in-house microbubbles was introduced through the 17 
marginal ear vein. The in-house microbubbles used in rabbit experiments were the same as 18 
those used in in-vitro experiment with same concentration.    19 
HFR CEUS imaging sequence was implemented into a research platform (Verasonics 20 
Vantage 128, Verasonics, Kirkland, USA) equipped with a linear probe L22-14v (128-element 21 
linear array transducer, Verasonics, Kirkland, USA). Plane waves with 15 inclination angles 22 
between -7.5° and 7.5° (1° angle step) were transmitted at a pulse repetition frequency of 25 23 
kHz to obtain coherently compounded B-mode images at a frame rate of 800 Hz. For each 24 
angle, a single-cycle plane wave pulse was transmitted at 18 MHz and a mechanical index of 25 
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0.11. The acquired radio frequency (RF) data were beamformed to yield 800 frames of 1 
compounded B-mode images which were then processed by SVD filter. The filtered data were 2 
temporally correlated to generate high contrast vascular images. Furthermore, estimation of 3 
frequency shift generated the direction and velocity of blood flow inside the imaging node 4 
which were shown on directional image.  5 
Quantitative evaluation 6 
We used two measures to evaluate the image quality under the effect of flow velocity, 7 
probe motion and ultrasound pressure. The two measures are CTR and integral of normalised 8 
intensity (INI). 9 
CTR of one single frame was computed as the mean pixel intensity of the region of 10 
microbubbles over that of the surrounding tissue. The CTR was averaged over 1s to obtain the 11 
mean CTR. Integral of INI was proposed to measure the persistence of contrast signals over 12 
time. INI of a video sequence was calculated as follows: 1) Mean intensity of the vessel region 13 
was obtained for each frame over the acquisition time of 1s. 2) Mean intensity from step one 14 
was normalised by the mean intensity of the first frame of the video so that the intensities at t=0 15 
is 1 for all video sequences. 3) Normalised intensities from step 2 were integrated over the entire 16 
time interval of 1s to obtain INI.  The computation was given by 17 
𝐼𝑁𝐼 = ∑
𝑚𝑒𝑎𝑛  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠 𝑜𝑓 𝑏𝑢𝑏𝑏𝑙𝑒 𝑎𝑡 𝑓𝑟𝑎𝑚𝑒 𝑛𝑜. 𝑖
𝑚𝑒𝑎𝑛  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠 𝑜𝑓 𝑏𝑢𝑏𝑏𝑙𝑒 𝑎𝑡 𝑓𝑟𝑎𝑚𝑒 𝑛𝑜. 1
𝑁
1
 18 
where N is the total frame number. The ability for retaining contrast signals over time regardless 19 
of initial amplitude can be captured by INI due to the normalisation process. 20 
The region of interest (ROI) for microbubbles was chosen according to the shape of the 21 
tube in the lymphatic vessel phantom. The ROI for background tissue was set to be 3 mm above 22 
that of ROI for microbubbles. In the experiment for investigating the effect of flow velocities 23 
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and ultrasound pressure, both ROIs were fixed throughout the sequence as there was no motion 1 
among all the acquired frames. In the experiment for the effect of probe motion, the same fixed 2 
ROIs were used in the case of images after motion correction associated with SVD filter. But 3 
CTRs of images processed by SVD filter without motion correction was calculated based on 4 
moving ROIs. For each video acquired with the moving probe, automatic motion tracking of the 5 
ROIs was performed using rigid image registration. A transformation matrix was derived by 6 
rigidly registering each image in the sequence to the first image. The manual ROIs on the first 7 
image can then be propagated to the other images in the sequence using these transformation 8 
matrices to obtain the motion-corrected ROIs. 9 
In the optical observation, ratio of the disrupted microbubble to the total number of 10 
microbubbles was used to investigate the behaviour of microbubbles. The total number of 11 
microbubbles was measured on the original optical images before insonifying plane wave 12 
ultrasound. The number of disrupted microbubbles was recorded from the start of acquisition 13 
to 50 ms and 550 ms. The disruption of microbubbles is defined as changes of microbubbles 14 
including coalescence, fragmentation, shrink and destruction. The disruption ratio for each of 15 
the three MIs was calculated by firstly calculating the ratio for each video data set and then 16 
averaged across three video data sets. 17 
Results 18 
In vitro ultrasound experiment: comparison between PI and SVD filter 19 
SVD filter and PI techniques were qualitatively compared in terms of tissue artefacts. In 20 
Fig.4, the SVD filtered image was able to detect bubbles from the bottom tube while removing 21 
signals from the top control tube that was present in the PI image. In order to make a fair 22 
comparison, all the ultrasound images presented in this paper have a 40dB dynamic range. 23 
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In vitro ultrasound experiment: effect of flow rate and ultrasound pressure 1 
Qualitative evaluation was performed by visual observation of the images obtained from 2 
the STA of the beamformed images. Fig. 5 a-e showed the images for different flow rates (4, 3 
10, 20, 40, 80 mm/s) at a fixed MI of 0.05.  Improved contrast signals can be observed at higher 4 
flow velocities. Fig. 6 and Fig.7 compared images obtained using three different MIs (0.05, 0.11 5 
and 0.22) at fixed flow velocities of 4 mm/s and 10 mm/s.  6 
Quantitative evaluation was conducted using CTR and INI. Fig. 8a illustrated the effects 7 
of different flow velocities and MIs on the mean CTR. We observed that an increase in the flow 8 
velocities results in a corresponding increase in mean CTR for all MI values, which was 9 
consistent with the qualitative results reported in Fig. 5. Fig. 8a also indicated that higher MI 10 
increases mean CTR at all velocities except for the lowest flow rate (4 mm/s), in which a 11 
moderate MI achieves the highest value. Fig. 8b revealed how INI changes with MI depicting a 12 
decrease of INI with increasing MI. INI values were averaged over 5 flow velocities. 13 
In vitro ultrasound experiment: probe motion 14 
Qualitative evaluation under probe motion was conducted on the images after treatment 15 
of SVD filtering. Fig. 9a-f presented the images without probe motion and with probe speed of 16 
2 mm/s at a fixed MI of 0.11 and under varied flow rates. The image contrast declined due to 17 
the moving probe at different flow velocities. CTR was first acquired from the SVD filtered 18 
images to quantitatively assess the effect of probe motion. Fig. 10a compared the CTRs acquired 19 
with the static probe and the moving probe. The significant decrease in CTR in the presence of 20 
motion can be clearly observed at all flow velocities. Both static and moving probe gave similar 21 
results that CTR increases with increase in flow velocity.  22 
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We then evaluate the effect of applying motion correction before SVD filter. Fig. 10b 1 
reported the CTR before and after the application of motion correction algorithm. For the lower 2 
flow velocities of 4 mm/s and 10 mm/s, motion correction results in higher CTR.  3 
Optical experiments 4 
In this section, we investigated the behaviour of microbubbles when insonified with 5 
ultrafast compounding plane waves at different MIs, to better understand the contrast signal 6 
intensity persistence observed experimentally. Different phenomena were observed in 7 
microscopic images at different ultrasound pressures, capturing various microbubble behaviour 8 
such as coalescence, disappearance, repeated fragmentation and coalescence, bouncing and 9 
translation. The first frames in all of the presented optical figures were acquired at 0ms before 10 
the arrival of ultrasound wave at the focus zone in the tube.  11 
Fig. 11a and Fig. 11b displayed the rapid changes of microbubbles at the higher MI of 12 
0.36. In Fig. 11a, multiple coalescence, shrinking and translation of microbubbles were 13 
recorded. During the first 3.58 ms, microbubble no.1, no.3 and no.4 moved towards each other 14 
and subsequently coalesced under the secondary radiation force. Microbubble no.6 and no.8 15 
shrank and finally disappeared at 5.08 ms. Microbubble movement in the direction of ultrasound 16 
field under the primary radiation force was clearly observed by the upward displacement of the 17 
agglomerate of multiple microbubbles from 5.08 to 18.17 ms. The horizontal dashed lines at 18 
5.08 and 6.08 ms represented the same depth in the full original images acquired by the camera. 19 
In Fig. 11b, repetitive fragmentation and coalescence, shrinking and translation of microbubbles 20 
were shown. The original microbubble denoted with white arrow at 0 ms broke up into two 21 
microbubbles after 2.33 ms of ultrasound insonification. The two fragmented microbubbles 22 
coalesced at 2.5 ms and re-split at 2.67 ms. These alternately repeated fragmentation and 23 
coalescence process appeared in 8 sequences until 4.92 ms.  24 
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At the MI of 0.22, the main observed behaviour of microbubbles was coalescence. In 1 
Fig. 11c, two pairs of microbubbles coalesced with different speed due to the different initial 2 
distances between microbubbles. The initial distance (at 0 ms) between the two microbubbles 3 
in the top row was larger than that in the bottom row. Hence, it took the microbubbles 28.58 ms 4 
to change in the top row, while only 8.25 ms in the bottom row. Both processes of microbubble 5 
coalescence were recorded which begin with bubble collision (24.5 ms in the top row and 2.08 6 
ms in the bottom row), followed by flattening of contact surfaces and film rupture, the formation 7 
of ellipsoidal bubbles (24.83 ms in the top row and 5.58 ms in the bottom row), and finally to 8 
the spherical bubbles (28.58 ms in the top row and 8.25 ms in the bottom row) (Postema et al. 9 
2004a). 10 
At the MI of 0.11, most of the microbubbles clustered and did not further coalesce until 11 
the end. Fig. 11d showed the example of clustering of multiple microbubbles. At this MI of 12 
0.11, although most microbubbles did not further combine until the end, there was still an 13 
example of coalescence at slower speed observed in Fig. 11e. It took 47.08 ms to become the 14 
final spherical bubble at MI=0.11 while less than 4 ms for MI =0.36 and between 8.25 ms and 15 
28.58 ms for MI =0.36.  16 
For the MI values below and equal to 0.05, microbubbles remained stable and none of 17 
the above behaviours were recorded during the experiments. 18 
Table 1 provides a direct comparison of microbubble behaviour at different ultrasound 19 
pressures. The study shows that ultrasound pressure significantly influences microbubble 20 
disruption, causing 100% disruption when MI = 0.36, and 23% of disruption when MI is as low 21 
as 0.1. 22 
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In vivo ultrasound experiment 1 
Qualitative evaluation was performed by applying temporal average of consecutive 2 
original B-mode images and processed images. Fig. 12a reveals the grey-scale ultrasound 3 
image. The white dashed circle indicated the popliteal lymph node. From the same RF data, the 4 
vascular image (Fig. 12b) generated by SVD enabled clearer visualisation of the rich intra-nodal 5 
vasculature. Directional image where colours indicate the direction of flow are generated by 6 
detecting frequency shift. As illustrated by Fig. 12c, blue colour indicates flow going towards 7 
the transducer and red colour indicates flow going away from the transducer. The colourmap 8 
reveals that the majority of blood flow velocities range from 0 to 3 mm/s. White arrows in all 9 
the subfigures indicate the major vessels. Those major vessels can only be detected in the 10 
vascular and directional images (Fig. 12b and c) while is not visible in the B-mode image. In 11 
the directional image, differentiation between flow direction and speed can separate the 12 
opposing blood flow into arteries and veins, and therefore enhance the visualisation of vessels 13 
within the vascular image which are not spatially separable.  14 
 15 
Discussion 16 
In this study, HFR ultrasound imaging coupled with advanced processing techniques 17 
have been investigated for lymphatic system imaging on a lymphatic vessel phantom. Three 18 
influencing factors (flow velocity, probe motion and ultrasound pressure/MI) were studied. The 19 
results show that while HFR ultrasound and spatial temporal analysis can significantly reduce 20 
tissue artefacts, image contrast can still be low when imaging slow lymphatic flow under probe 21 
motion. The results show that ultrasound pressure plays a critical role in achieving high contrast 22 
and better persistent signal in tracking the slow-flowing lymph to locate SLN. Furthermore, 23 
motion correction is shown to be able to reduce the artefacts induced by probe motion. Results 24 
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from these experiments will help us in the understanding and development of an accurate, 1 
sensitive and operator-independent imaging technique capable of detecting lymphatic vessels 2 
and SLN. Preliminary results from rabbit popliteal LN demonstrated the efficiency of HFR 3 
CEUS and SVD filter in detecting vasculature with slow blood flow. 4 
In vitro ultrasound experiment: comparison between PI and SVD filter 5 
Nonlinear tissue artefacts are common in commercial ultrasound system at high clinical 6 
ultrasound frequency. Even at low MI, the nonlinear wave propagation may contribute to the 7 
artefact as demonstrated by Tang et al. (Tang et al. 2010) using a commercial systemIn the two 8 
tube set-up, the harmonic signals from the tube itself are strong. Due to the reduction of 9 
harmonic signals from microbubbles when the driving frequency (4 MHz in this study) is 10 
beyond bubble resonance frequency, the contrast signals are weak and results in the tissue 11 
artefacts on the PI image. System nonlinearity may also contribute to the tissue artefact. On the 12 
other hand, SVD filter dose not rely on the nonlinear components to extract microbubbles from 13 
tissue. Hence, SVD filtered image was able to detect bubbles from the bottom tube while 14 
removing static signals from the top control tube in this case. 15 
In vitro uUUltrasound experiment: effect of flow rate and pressure 16 
For the effect of flow velocity, both qualitative (Fig. 5) and quantitative results (Fig. 8a) 17 
demonstrate the gain in contrast resulting from increased flow rate. This is because the 18 
distinction between microbubble and tissue with SVD filter relies on the different 19 
spatiotemporal coherence levels. The temporal characteristics and spatial distribution of fast 20 
flowing microbubbles and static tissue speckles differ widely, resulting in enhanced CTR. But 21 
for the slow flowing microbubbles, the difference from static tissue is insignificant, resulting in 22 
low CTR.  23 
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In terms of ultrasound pressure, there is always a trade-off between microbubble 1 
disruption and required contrast for detecting microbubble from tissue signals. Disruption of 2 
microbubbles by different pressures of plane wave imaging has been acoustically studied by 3 
Olivier et al (Couture et al. 2012). Compared to conventional focus imaging, plane-wave 4 
imaging achieved better contrast at a specific disruption ratio. However, the relative effects of 5 
flow rate and ultrasound pressure have not been evaluated. It appears that the effect of ultrasound 6 
pressure differs under various flow velocities. 7 
Enhanced contrast with higher MI can be found at 50 ms with both velocities of 4 mm/s 8 
and 10 mm/s. However, towards the later stage of the acquisition at 550 ms, we observed better 9 
contrast using moderate MI (0.11) at 4 mm/s. At 10 mm/s, higher MI still gives better contrast. 10 
This explains the different results of CTR according to MI under distinct flow velocities. In Fig. 11 
8a, at 4 mm/s, the highest value of CTR is given by the moderate MI and the lowest value is 12 
acquired by the lowest MI. In other cases of higher flow, higher CTRs are achieved by higher 13 
MI. This is because increase in ultrasound pressure introduces varied microbubble disruption 14 
behaviour, especially with large amount of microbubbles at the beginning of the acquisition. 15 
These microbubble changes are able to produce dissimilarity in temporal characteristics and 16 
spatial distribution (i.e. spatiotemporal coherence) between microbubble and tissue signals, 17 
resulting in improved efficiency of STA. A higher MI gives much higher contrast signals at the 18 
beginning of the acquisition due to the violent and rapid changes of microbubbles. It also tends 19 
to destroy the bubbles faster, causing contrast signals to decrease sharply and they cannot be 20 
retained over a long time as shown in Fig. 6f. The low persistence of signals achieved by higher 21 
MI can be further confirmed by INI. In Fig. 8b, larger INI with lower MI indicates that higher 22 
ultrasound pressure leads to shorter retaining time of contrast signal. This is consistent with a 23 
smaller mean CTR value obtained at 4 mm/s which accurately captures such decay. However, 24 
faster replenishment of microbubbles compensates for the decay of signals from microbubbles 25 
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due to disruption. Thus, signals from microbubbles can last longer until the end of data 1 
acquisition. This explains both the qualitative results in Fig. 7 and results of CTR under flow 2 
velocities from 10 mm/s to 80 mm/s.  3 
 Based on these qualitative and quantitative evaluation, it can be concluded that the 4 
image contrast is dependent on the combined effects of ultrasound pressure and flow velocity. 5 
In addition, the ability to retain contrast signals over time (i.e. persistence of contrast) is another 6 
important measure for the imaging performance. For low flow velocity, differentiation between 7 
microbubbles and tissue is difficult due to the similar spatiotemporal coherences. Under this 8 
condition, microbubble disruption introduced by increasing ultrasound pressure can 9 
significantly improve bubble contrast. But a compromise between bubble contrast and 10 
persistence should be achieved by optimising the MI value. At low MI, relatively stable 11 
microbubbles give insignificant enhancement in contrast quality. However, at high MI, bubble 12 
signal changes provide much higher contrast signals at the beginning of the acquisition but are 13 
decreasing over time due to the diminishing bubble disruption events as bubbles are destroyed 14 
with high ultrasound amplitude and replenishment of microbubbles is inadequate. For high flow 15 
velocity, contrast quality has already improved by the enhanced difference in spatial and 16 
temporal characteristics between fast flowing microbubbles and static tissue.  17 
In vitro Ultrasound experiment: effect of probe motion 18 
Probe motion is common during practical ultrasound scan in clinic and it is necessary to 19 
localise SLN when tracking microbubbles flowing in lymphatic vessels. Hence, it is also 20 
important to consider probe motion in our study. Compared to experiments using a static probe, 21 
there is significant reduction of CTR for the moving probe for all the flow velocities as shown 22 
in Fig. 9 and Fig. 10a. This is because moving probe/tissue may share comparable 23 
spatiotemporal characteristics with flowing microbubbles. Hence, the suppression of clutter 24 
signal by STA is less efficient with probe motion especially for the slow flow velocities (< 10 25 
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mm/s). For this case, the efficacy of clutter filtering is improved with the help of motion 1 
correction, where tissue motion resulting from moving probe is estimated and corrected first to 2 
reduce the overlap in spatial and temporal domain between clutter and microbubble signals. This 3 
allows subsequent SVD filter to be more efficient in discriminating between echoes from tissue 4 
and microbubbles. The fast-flows on the other hand, even with probe/tissue motion, have 5 
adequate difference from tissue signals both in space and time for SVD filter to work. 6 
Accordingly, improvement is not found with the help of motion correction at higher flow rates.  7 
It should be noted that the improvement of SVD filter in terms of filtering clutter signals 8 
under probe motion, in comparison with classic nonlinear sequence and high pass filters, has 9 
been shown in CEUS imaging(Desailly et al. 2017). In that study, much higher CTR was 10 
obtained at the same probe speed of 2 mm/s. That is likely due to the different application focus 11 
– in that study the diameter of the wall-less vessel in that tissue phantom was 5 mm which was 12 
much larger than the 300 µm vessel in this lymphatic mimicking phantom. The contrast signal 13 
from flowing microbubbles in a much smaller vessel is certainly lower, which likely restricted 14 
the detection of vessel in the lymphatic phantom under probe motion. 15 
Optical experiments 16 
Various phenomena of microbubbles insonified with low PRF focus ultrasound emission 17 
have been classified and reported with optical observation using high speed camera (de Jong et 18 
al. 2009; Postema et al. 2002; Postema et al. 2004b; Postema et al. 2004a; Zheng et al. 2007). 19 
In this paper, we employ similar optical method to study the signal persistence of microbubbles 20 
under slow flow conditions when exposed to ultrafast ultrasound plane wave imaging with a 21 
pulse repetition frequency of 5000 Hz. With the help of optical observation, the trade-off 22 
between contrast and persistence due to different ultrasound pressures are better understood.  23 
Fast and violent coalescence, fragmentation, shrinking of microbubbles are induced by 24 
ultrasound with higher MI value while slow coalescence and bouncing of microbubbles are 25 
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observed under moderate MI. Additionally, relatively stable microbubbles are detected under 1 
low MI. Evaluation of persistence of contrast signals shows consistency between optical and 2 
ultrasound results. One limitation with the optical experiment is that the performance of 3 
microbubble was monitored in a capillary tube, which may cause changes in microbubble 4 
characteristics and behaviour due to the wall proximity and complex acoustic environment in 5 
the tube (Garbin et al. 2007).  6 
Limitation and future works 7 
In this study, all of the 1000 frames acquired in 1 second were used for STA processing, 8 
leading to long computation time. In an effort to implement real-time processing, shorter stacks 9 
of frames should be used for SVD filter. Hence, we further studied the filtering performance 10 
affected by different ensemble lengths (stack of frames). Both qualitative and quantitative 11 
results in Fig. 13 illustrated the profit gained from long ensemble length. Fig. 13a and Fig. 13b 12 
presented filtering results obtained by 1000 frames and 50 frames. Under the same flow velocity 13 
of 4mm/s, larger stack of 1000 frames provided enhanced contrast.  Fig. 13c illustrated CTR 14 
values achieved with various ensemble lengths and at different flow velocities. CTR decreased 15 
with the reduction of processing frame number. But at the highest flow velocity of 80 mm/s, all 16 
ensemble lengths share similar CTR values due to the unchallenging distinction between 17 
microbubble signals and tissue artefacts. Hence, the trade-off between image quality and 18 
processing time could be made according to the relative speed of flow and motion. Yann et 19 
al.(Desailly et al. 2017) proposed the idea of shortening SVD filter processing time by applying 20 
filtering on shorter ensemble length and showed qualitative result of a human kidney image by 21 
summing 30 frames (30 ms) with SVD filter processing. The advantage of large ensemble of 22 
frames in SVD filter has been further demonstrated quantitatively in in-vitro and in-vivo 23 
studies(Baranger et al. 2018; Song et al. 2017).  24 
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The effects of other scanning parameters such as frame rate and frequency have not been 1 
included in this study and are worth investigating in future work. For instance, the frame rate 2 
gives a trade-off between the ability of capturing the slow lymph fluid and increased 3 
microbubble destruction. Furthermore, SVD filter can be further optimised in terms of 4 
processing region and singular value threshold determination for in-vivo human imaging. 5 
Instead of global SVD, block-wise filtering technique can be used for the complicated spatial 6 
distribution of tissue and noise(Song et al. 2017). Adaptive methods for optimal thresholding 7 
can also be used to compare the efficiency in clutter and noise suppression(Baranger et al. 2018; 8 
Song et al. 2017).  9 
Due to the practical difficulties associated with injecting the microbubbles into lymphatic 10 
system of rabbit, preliminary data of blood vasculature in rabbit popliteal lymph node were 11 
presented as an in vivo demonstration of slow flow imaging. Moderate MI (0.11) was chosen 12 
based on the in vitro study in order to achieve high contrast and better persistent signal in 13 
tracking the slow flow. Different from the in-intro experiments, higher imaging frequency was 14 
used in the rabbit experiments for the resolution requirement to image LN with diameter around 15 
4-5 mm. No motion correction was required as the rabbit is under anaesthesia and the hind limb 16 
as well as the probe were fixed. 17 
Conclusions 18 
This work applies HFR CEUS imaging to a lymph mimicking vessel and investigates 19 
the impacts of flow velocity, probe motion and ultrasound pressure on HFR CEUS for imaging 20 
flow in lymphatic vessel. Preliminary studies were conducted on imaging a rabbit popliteal 21 
lymph node. Our results provide evidence that significant tissue artefact in lymphatic imaging 22 
can be reduced by HFR and SVD filter at this high frequency range. We have shown that the 23 
optimal choice of MI value is related to the flow velocity. In particular, under high flow velocity 24 
image quality is less affected by MI value while MI plays a more significant role at low flow 25 
24 
 
velocity. An applicable MI value can be chosen to reach a compromise between image contrast 1 
and persistence/microbubble disruption under slow flow condition. Optical observation of 2 
microbubble behaviour insonified with ultrafast plane wave imaging sequences has also been 3 
studied to understand the importance of optimising signal persistence for imaging slow-flowing 4 
lymphatic vessels. In the case of moving probe, significantly decreased contrast under lower 5 
flow velocities can be improved by applying motion correction to the images prior to SVD filter. 6 
HFR CEUS and SVD filter enabled visualisation of blood vessels inside rabbit popliteal lymph 7 
node in which the blood flow velocities are less than 0 to 3 mm/s.8 
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Figure Captions List 
Figure 1. (a) A CEUS image of human axilla at 7MHz containing nonlinear tissue artefacts (AF, 
arrows), making identification of the microbubble-filled lymph vessel (LV, arrow) difficult; (b) 
A CEUS image of a human lymph node (LN, arrow). Scales on the left of the images are in cm. 
Figure 2. (a) In-vivo set-up (not to scale) for investigating the effects of flow velocity and 
ultrasound pressure. Tissue-mimicking phantom with a 300 µm tube was designed to simulate 
the size and depth of lymphatic vessel. Microbubbles were injected by a syringe pump to achieve 
velocities in the range of lymph flow. Ultrasound probe was mounted on a linear motor to 
simulate probe motion. (b) In-vitro two-tube set-up (not to scale) for comparing PI and SVD 
filter, the bottom 200 µm cellulose tube was filled with non-flowing microbubbles and the top 
tube was filled with water as control. 
Figure 3. In-vitro set-up (not to scale) for optically observing microbubble behaviours under 
varied MI: Optical microscope connected with high-speed camera was used to monitor 
microbubble disruption with a frame rate of 12000 fps. The high-speed camera was 
synchronized with ultrasound image sequences. The optical path and ultrasound field were set 
up normal to each other to eliminate the effect on ultrasound wave from the object in the optical 
path. 
Figure 4. Qualitative comparison between PI and SVD filtered ultrasound images. SVD filtered 
image was able to detect bubbles from the bottom tube while removing nonlinear signals from 
the control tube. 
Figure 5. Qualitative evaluation of the effects of flow velocities in static probe cases: ultrasound 
images after STA on B-mode images at a fixed MI of 0.05 and under increasing flow velocities 
(a) 4 mm/s, (b) 10 mm/s, (c) 20 mm/s, (d) 40 mm/s, (e) 80 mm/s.  
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Figure 6. Qualitative evaluation of the effects of ultrasound pressure: ultrasound images after 
SVD filter on B-mode images under fixed flow velocity of 4 mm/s and at increased MIs and 
two time points (a) MI=0.05 Time=50 ms, (b) MI=0.05 Time=550 ms, (c) MI=0.11 Time=50 
ms, (d) MI=0.11 Time=550 ms, (e) MI=0.22 Time=50 ms, (f) MI=0.22 Time=550 ms.  
Figure 7. Qualitative evaluation of the effects of ultrasound pressure: ultrasound images after 
SVD filter on B-mode images under fixed flow velocity of 10 mm/s and at increased MIs and 
two time points (a) MI=0.05 Time=50 ms, (b) MI=0.05 Time=550 ms, (c) MI=0.11 Time=50 
ms, (d) MI=0.11 Time=550 ms, (e) MI=0.22 Time=50 ms, (f) MI=0.22 Time=550 ms.  
Figure 8. (a) Quantitative evaluation of effects of flow velocity and ultrasound pressure by CTR. 
(b) Quantitative evaluation of the effects of ultrasound pressure on INI. 
Figure 9. Qualitative evaluation of effects of probe motion: ultrasound images after SVD filter 
on B-mode images at a fixed MI of 0.11 and under increased flow velocities and probe speed 
(a) flow velocity = 4 mm/s, probe speed = 0 (b) flow velocity = 4 mm/s, probe speed = 2 mm/s 
(c) flow velocity = 10 mm/s, probe speed = 0  (d) flow velocity = 10 mm/s, probe speed = 2 
mm/s  (e) flow velocity = 20 mm/s, probe speed = 0  (f) flow velocity = 20 mm/s, probe speed 
= 2mm/s. 
Figure 10. (a) Quantitative comparison between static probe and moving probe by CTR. (b) 
Effect of motion correction on CTR at different velocities.  
Figure 11. Optical observation of microbubble behaviours (a) at MI of 0.36, violent and rapid 
changes of microbubbles including multiple coalescence, shrinking and translation of 
microbubbles. (b) at MI of 0.36 including repetitive fragmentation and coalescence, shrinking 
and translation of microbubbles. (c) at MI of 0.22, the main observed behaviour is coalescence. 
(d) at MI of 0.11, most microbubbles just attached to each other without further combining 
process. (e) at MI of 0.11, a few microbubbles coalesced. 
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Figure 12. HFR CEUS images of rabbit popliteal lymph node (a) B-mode image (b) Vascular 
image (c) Directional image. Blue colour indicates flow going towards the transducer and red 
colour indicates flow going away from transducer. The colourmap reveals the velocities in 
mm/s. 
Figure 13. Qualitative evaluation of effect of frame number on SVD filtered images. (a) STA 
applied on 1000 frames, (b) SVD filter applied on 50 frames. (c) Quantitative evaluation of 
effect of frame number on SVD filter by CTR.  
Table. 1. Comparison of microbubble disruption between different ultrasound pressures. 
Disruption of microbubbles is defined as changes of microbubbles including coalescence, 
fragmentation, shrink and destruction. 
Ultrasound pressure 
Number of disrupted microbubbles / Total number of 
microbubbles 
50 ms (in %) 550 ms (in %) 
MI=0.36 (PNP=0.64 MPa at 
4MHz) 
100.00±0.00 100.00±0.00 
MI=0.2 (PNP=0.40 MPa) 49.50±11.43 71.45±12.37 
MI=0.1 (PNP=0.20 MPa) 0.00±0.00 23.21±9.28 
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